The changes of the ionospheric electric field before and after four huge earthquakes, which include the Ms 8.7 earthquake of 2004 and the Ms 8.5 earthquake of 2005 in Sumatra of Indonesia, the Ms 8.0 Wenchuan earthquake of 2008 in China, the Ms 8.8 earthquake of 2010 in Chile, and their strong aftershocks are studied in this paper. The significant results revealed that the power spectral density of low-frequency electric field below 20 Hz in the ionosphere, a kind of electromagnetic radiation phenomena, increased abnormally before and after the earthquakes and partially corresponded to the increased power spectral density of the low-frequency geoelectric field in time. This research preliminarily indicates that the low-frequency electromagnetic radiation during the imminent stages before such earthquakes could be detected by the observation of the ionospheric electric field. However, the spatial, temporal, and intensive complexities of the electric field anomalies in the ionosphere before earthquakes have come in sight also.
INTRODUCTION
Recently, more and more attention is paid internationally to the application of electromagnetic observations in the earthquake (EQ) and volcano monitoring. Since the 1950s, the former Soviet Union, Japan, the United States, China, and other countries have carried out the ground electromagnetic observations and reported the electromagnetic precursory phenomena in the time and frequency domains before earthquakes (Varotsos et al. 1986 , Varotsos and Lazaridou 1991 , Michel and Zlotnicki 1998 , Zlotnicki et al. 2001 , Uyeda et al. 2002 , Telesca et al. 2005 , Enomoto et al. 2006 , Telesca and Hattori 2007 , Nagamoto et al. 2008 , Tang et al. 2008 , Fan et al. 2010 , Liu et al. 2011 . Furthermore, a lot of loading experiments and theoretical studies have been made on the mechanism of generation and propagation of the electromagnetic signals (Ogawa et al. 1985 , Cress et al. 1987 , Yamada et al. 1989 , Enomoto and Hashimoto 1992 , Varotsos et al. 1998 , Huang and Ikeya 1998 , Adler et al. 1999 , Ishido and Pritchett 1999 , Huang 2005 . However, the long-term observation also reveals that the earthquake-related precursory anomalies recorded by ground stations displayed extremely complicated spatial, temporal, and intense distributions. For example, no anomalies appeared evenly in/near the epicentral areas of some strong or huge EQs, anomalies have not been repeatedly recorded before the equivalent-magnitude EQs, and even there were a lot of anomalies without any earthquake (no earthquake occurred near the station at which an electromagnetic anomaly has been recorded), as reported by Du (2011) . These complicated phenomena cause great difficulties in identifying any earthquake-related information and determining an EQ forecasting statement.
Since the 1980s, the space-to-ground electromagnetic observation with the purpose of EQ monitoring and prediction has been carried out internationally (Parrot 1995 (Parrot , 2006a , and the electromagnetic phenomena in the ionosphere associated with EQs were reported (Liu et al. 2003 , Pulinets et al. 2005 , Zhang et al. 2012 ). This will set up a three-dimension-al electromagnetic observation system by integrating with the ground electromagnetic observations, which will perhaps help to overcome the afore-mentioned complicated problems of earthquake-related electromagnetic precursory anomalies. In 2004, France launched a special satellite, the Demeter (detection of electro-magnetic emissions transmitted from EQ regions), for the EQ electromagnetic monitoring. During the satellite's operation, a number of great EQs, with magnitude of above Ms 8.0, occurred globally, and a series of EQs above Ms 7.0 happened in Chinese mainland and surrounding areas. The electromagnetic precursory anomalies in the ionosphere deemed to be associated with the EQs are reported (Liu et al. 2003 , 2011 , Pulinets et al. 2005 , Cussac et al. 2006 , He et al. 2009 , Fan et al. 2010 , Zhang et al. 2012 . This paper will study the changes of the ionospheric electric field observed by Demeter before and after the EQs, compare the ionospheric electric fields and the ground electric/magnetic field changes before the EQs occurred in Chinese mainland, and, accordingly, report some significant results obtained.
DATA AND METHOD
The satellite Demeter was launched into orbit on 29 June 2004, as a special seismic electromagnetic observation satellite, which had a circular sunsynchronous polar orbit with an inclination of 98.23° and a run altitude of 710 km (this altitude was changed to 665 km in mid-December 2005; Cussac et al. 2006 , Parrot 2006a Berthelier et al. 2006 ) electric field instrument before the great EQs. The ICE electric field instrument measured the three electrical field components. The Demeter satellite adopts the "survey" mode to record the electric field data with the sampling frequency of 39.0625. Considering that the earthquake-related electromagnetic field has the characteristics of "the field distribution and propagation", the observation data of the Demeter's orbits within the latitude and longitude of 20° × 20° range above the epicenters are selected. Under normal circumstances, the satellite runs through 2 to 3 half orbits every day within the above-mentioned range, and thus the electric field observation data of a number of days before and after the EQs may constitutes the time series that consists of many half-orbits according to time order, which is referred to as "successive orbit" in this paper.
The Ms 8.0 Wenchuan EQ and the Ms 7.3 Yutian EQ happened in the eastern and western edges of the Qinghai-Tibet Plateau, respectively, with a distance of about 2000 km between their epicenters. The ground electric stations, with the solid non-polarized electrodes made in China, are distributed in the northern, northeastern, and eastern edges of the Qinghai-Tibet Plateau. The station measures the three components of the geoelectric field below 0.005 Hz, along the NS, EW, and oblique directions, respectively; its electrode spacing is 90~300 m and they are buried below 2 m depth (Qian et al. 2004 , Du et al. 2006 . Fan et al. (2010) and Liu et al. (2011) studied the electric/magnetic response observed on the ground before the two EQs. Referring to the ground electric/magnetic changes, this paper reports a compar-ative research on the ionospheric electric field changes observed by the Demeter before and after the two great EQs.
Due to the high sampling rate of the Demeter's ionospheric electric field observations, it is not suitable to analyze the waveform changes of the electric field in time domain. Fan et al. (2010) and Liu et al. (2011) applied the maximum entropy method (MEM) to conduct research on the time-varying power spectral density (PSD) of the electric/magnetic field observed by the ground electromagnetic stations, approaching to the occurrence date of the Wenchuan EQ and other strong EQs in the Qinghai-Tibet Plateau and its edge. The significant information of the time-varying PSD changes corresponding to the EQs has been obtained. This paper applies the method to process the electric field observation data in the ionosphere observed by Demeter, which is conductive to the comparative analysis for the ionospheric and ground electric field changes before EQs. Figure 1 shows the time-varying PSD changes of the ionospheric electric field of the three components: X, Y, and Z (the abscissa is the date, the vertical axis is the frequency, and the color is amplitude of PSD; the date and EQs in the figure are marked in UT). The data are observed by the Demeter above the Wenchuan and analyzed through the MEM method. Three EQs with the magnitude Ms 6.9 occurred in the selected range of the Demeter's orbit from 1 January to 23 June 2008, which were the Ms 6.9 Gaize EQ in Tibet on 9 January, the Ms 7.3 Yutian EQ in Xinjiang on 20 March, and the Ms 8.0 Wenchuan EQ on 12 May, in China. It can be seen from Fig. 1a that discontinuous PSD increase of frequency f < 3 Hz appeared in the three components of ionosphere electric field from 8 January 2008, which disappeared around 10 February 2008. These changes corresponded to the time of occurrence of the Ms 6.9 Gaize EQ and its strong aftershocks. From Fig. 1b ingly, at 22:00 of 20 March (at 6:33 of 21 March LZT), the Ms 7.3 EQ happened in Yutian county, Xinjiang. And then, since the occurrence of the Yutian EQ till the end of April, the PSD of the three electric field components has kept relatively calm and during the time interval no EQ with the magnitude of Ms 6 happened globally, except for the Ms 6.1 EQ occurred in the south Taiwan sea, China. In early May 2008, the X-and Ycomponents had the PSD increase, of which the most significant one was the PSD increase of the Y-component, and this corresponded to the time of occurrence of the Wenchuan Ms 8.0 EQ on 12 May 2008 and its aftershocks. However, the PSD increase starting before the occurrence of the Wenchuan great EQ did not disappear until 23 June, and consequently a series of Ms 5.0~6.4 strong aftershocks, such as the Ms 6.4 Qingchuan EQ and others, occurred in the Wenchuan and its vicinity from June to July 2008. Therefore, the increased PSDs were perhaps related to these strong aftershocks. Figure 1d shows the geomagnetic Kp indexes from January to June 2008. According to the analysis, the Kp indexes are less than 4 during the time interval of the PSD increase when approaching the date of occurrence of these EQs; however, as for the corresponding magnetic storms of Kp = 6 on 9 March and 14 June, no PSD increase appeared in the ionospheric electric field. Thus, the above-mentioned PSD increase should not be caused by magnetic activity.
IONOSPHERIC ELECTRIC FIELD CHANGES BEFORE GREAT EQS
From January to June 2008, in addition to the aforementioned EQs, 11 other EQs with the magnitude Ms > 7.0 occurred globally; the greater EQs corresponding to the time interval of the aforementioned PSD increase were the Sumatra Ms 7.7/7.6 EQs on 20 and 25 February and the Okhotsk Ms 7.6 EQ on 5 July, which were far from the selected orbit range.
Comparisons between the ionospheric and ground electric field changes
The Wenchuan Ms 8.0 EQ occurred in the eastern edge of the Qinghai-Tibet Plateau. Dozens of electromagnetic stations of the China Earthquake Administration (CEA) are distributed along the eastern, northeastern and northern edges. Two ground geo-electromagnetic stations, namely, SHN and TIA, co-established by Lanzhou Institute of Seismology (CEA-LIS) and Clermont-Ferrand Geophysical observatory of French Academy of Sciences (CNRS-OPGC) are distributed near the Tianzhu fault, China Gansu, which is located in the Northeastern Tibetan Plateau. These stations are dozens of kilometers to 1000 km from the epicenter of the great Wenchuan EQ. Fan et al. (2010) applied the MEM method to process the ground electric field data observed by SHN (683 km from the epicenter), TIA (669 km), and Chengdu station (CDU, 35 km). Among the stations, the electrode-ranging region of stations SHN and TIA are the herdsmen's pastures, which are open and flat, without the low-frequency electromagnetic interference like plants and large electrical equipments within dozens of kilometers around. The electromagnetic environment is very favorable. Geologically, the two stations are located in the Haiyuan-Liupanshan mountain fracture zone. According to a long-term observation of EQ precursor, if the geo-electromagnetism, underground flow and crustal deformation stations are located nearby such active fracture zone, the imminent anomalies at these stations are easy to be observed immediately before EQs (Du et al. 1993 (Du et al. , 1997 (Du et al. , 2000 . Furthermore, the rock experiments showed the medium stress in this position is sensitive to disturbed stress (Kusunose et al. 1980) . Figure 2 shows the time-varying PSD of the geoelectric field data of the N 1 S 1 channel of station SHN, the N 1 S 1 channel of station TIA, and the EW channel of station CDU (the date in the figure is in local time), which are processed by using the MEM method. In the calculation of PSD, every 5-day continuous observation data constitutes a time series and is used to calculate the PSD changes with frequency. A number of 5-day calculation results constitute the time-frequency color drawings as shown in Fig. 2 . Figure 2a shows the geoelectric field PSD calculated by the hourly average values of 10-s sampling observational data of SHN station from January to May 2008. By compared the PSD changes before 16 March with those from 17 March till the occurrence of the Wenchuan EQ in the figure, the PSD in the latter time interval is significantly increased while obviously decreased immediately after the great EQ. From the overall changes, before the occurrence of the Wenchuan EQ, the geoelectric field PSD of N 1 S 1 channel of station SHN had an increase of 1 to 3 orders of magnitude while it decreased when approaching the date of occurrence of the great EQ. In particular, from March 16 to 20 (local time) transient and significant increase of the T < 3h electric field PSD occurred, which was corresponding to the occurrence time of the Ms 7.3 Yutian EQ. Figure 2b shows the PSD changes of the geoelectric field calculated by the hourly average values of 10-ssampling data of station TIA from March to June 2008. It can be seen that from 15 April to the occurrence of the Wenchuan EQ, there was a significant PSD increase in N 1 S 1 channel of station TIA, larger than the PSD at any time, which reached the maximum and then gradually decreased, returning to the value level before 15 April, immediately after the Wenchuan EQ. Figure 2c shows the PSD changes calculated by the hourly average values of minute-sampling data of station CDU from January to July 2008. Before the Wenchuan EQ, the PSD of the electric field in the EW channel of CDU increased overtly, which showed the following aspects: (i) From 16 January to the occurrence of the EQ (nearly 4 months), the PSD of each low-frequency had fluctuating changes, while they were relatively stable after the EQ. This may be caused by the great affects from the focal preparation of the EQ due to the small distance between the station and the epicenter. (ii) Roughly from 10 April, the PSD of low-frequency geoelectric field (particularly period T < 3h components) obviously increased as compared to those in the past 40 days, with the maximum increase reaching 3 orders of magnitude; then since 30 April (12 days before the great EQ), the PSD decreased to the minimum. (iii) Around the occurrence time of the Yutian Ms 7.3 EQ (local time, 21-25 March), the PSD alternately increased and reduced, which showed a remote relevance between the PSD changes and the epicenter of the Ms 7.3 EQ. It can be seen from the comparison between Figs. 2 and 1 that: (i) Roughly from 15 January to 1 March, before the Ms 8.0 Wenchuan EQ, CDU station that was nearest to the epicenter had a prominent PSD increase of the near-DC component geoelectric field; and during this period of time, the three components of ionospheric electric field also had the PSD significant increase with the 0 ~ a few Hz frequency, both of which corresponded in time. the X-and Y-components of the ionospheric electric field had the PSD increase with 0 ~ a few Hz frequency, but the three ground stations had no such phenomena. Figure 3 shows the time-frequency PSD of the ionospheric electric field of the Demeter's revisited orbits above the Wenchuan EQ. orbits above the epicenter of Chile EQ (the EQs in the figure are marked in UT). It can be seen from the figure that before the Chile Ms 8.8 EQ, the three components had significant PSD increases, which disappeared immediately after the EQ; among them, the PSD increase phenomena of X-component on the eve of the EQ was the most prominent. On 13 November 2009, a Ms 6.5 EQ (S19.3°, W70.3°) occurred in the coast offshore area of northern Chile and Fig. 5 shows that there was no PSD increase before the EQ as in the case of the Ms 8.8 EQ, perhaps due to its small magnitude.
Ionospheric electric field (Demeter's revisit orbits)

Interim summaries
The PSD increase of the low-frequency components appeared, below a few Hz and in the ionospheric electric field observed by the Demeter when approaching the date of the Wenchuan Ms 8.0 EQ. Their frequencies were below a few Hz and basically consistent with the PSD increase of the ground electric field in time.
When approaching the date of such great EQs as the Wenchuan Ms 8.0 EQ, the Yutian Ms 7.3 EQ, and the Sumatra Ms 8.7/8.5 EQ, especially before the Chile Ms 8.8 EQ, the PSD of the ionospheric electric field observed by the Demeter had a significant increase in low-frequency components. The low-frequency PSD increase of the ionospheric electric field seems to correspond to those of the geoelectric field in the time immediately before the Ms 8.0 Wenchuan and Ms 7.3 Yutian EQs and their strong aftershocks. The phenomena of the PSD increase of the ionospheric electric field observed by the Demeter's revisited orbits are very complicated, so it is quite difficult to analyze the correspondence in time between the EQ and the PSD increase.
DISCUSSION ON REASONS OF THE GROUND AND IONOSPHERIC ELECTRIC FIELD CHANGES BEFORE EQS
According to the literature (Du et al. 2000 , Du 2011 , in the late preparation stage of strong EQs (several months to one-year scale before EQs), in the focal area and nearby, the amplitude and duration of apparent resistivity (AR, for short) anomalies show a non-linear relationship with an increase of EQ magnitude as follows: for the small-magnitude EQs, the amplitude of anomaly increase slowly, whereas the duration of anomaly grows rapidly; for the large-magnitude EQs, the situation is opposite. This relationship indicates the non-linear development of the micro-cracks within the underground medium within or nearby focal areas in the late preparation stage of strong EQs by the actual EQ cases, supporting the forecast of the IPE model that the mi-cro-cracks are an avalanche development in the focal area (Mjachkin et al. 1975) and the inference that the micro fracture amount within the medium of focal area increases non-linearly in the late preparation stage (Kusunose et al. 1980) . Du et al. (2007) has studied the AR anisotropic changes nearby epicentral areas of moderate and above EQs in the late EQ preparation stage, and came to the following conclusion: the primary reason for the anisotropic changes is due to the deformation of underground medium, which will conduct a micro-crack directional alignment or preponderant orientation effect in the process of medium deformation. From this point of view, in the later preparation stage of a strong EQ, the non-linearly and directionally aligned medium process of the micro cracks occurred really within the medium in the focal area or its vicinity. The DD model (Nur 1972 , Scholz et al. 1973 emphasized the role of groundwater in the medium within a focal region, and other publications (Du et al. 2007 , Du 2011 ) stressed the significant contribution of water to AR changes in the aforementioned medium process. These research of mechanism on AR changes before EQs reveals that in the later preparation stage of a strong EQ, two physical processes of medium may exist in a focal region and its vicinity, such as the non-linear development of the micro cracks within the medium, and their directional alignment or preponderant orientation effect. The reason for the electromagnetic radiation before an EQ could be also associated with these two physical processes. Therefore, it can be believed that in the later stage of an EQ preparation the physical processes occurred within the medium in the focal area or its vicinity, which caused the water migration due to the chaining effect of the micro cracks and made the conducting paths in the medium connected, and almost immediately induced the changes of the natural electric field due to the electronic and ionic conduction mechanism; in this process, such factors as simultaneous occurrence of "the mechanical to electrical conversion effect" and the water migration also excited the intensely lowfrequency electromagnetic radiation. A number of scholars have studied the possible reason why the lowfrequency geo-electromagnetic signals might be propagated to the ionosphere from the underground electromagnetic radiation source (Molchanov et al. 1995 , Shalimov and Gokhberg 1998 , Huang 2002 , Pulinets 2004 , Sorokin et al. 2005 . According to the calculations for the upward propagation of the electromagnetic waves by Molchanov et al. (1995) , the highfrequency components in the wide-band electromagnetic waves caused by the EQ preparation are mostly absorbed when they propagated to the surface from the focal area; consequently, of the electromagnetic waves that can reach the earth surface, only electromagnetic waves with the frequency below 10-20 Hz can penetrate the atmosphere and be observed by the satellite. This paper has processed and studied the ionospheric electric field data with the sampling frequency of 39.0625 Hz observed by Demeter; it was found that before an impending great EQs, only the PSD increase of the lowfrequency components of electric field, a few Hz or even DC, appeared prominently, consistent with the results calculated by Molchanov et al. (1995) . Supposing the PSD increase of the low-frequency ionospheric electric field that is corresponding to the EQs is spread to the earth surface from the focal region, and then propagated to the ionosphere, and taking the atmospheric conductivity ı = 1 × 10 -4 s/m, relative permeability ȝ r = 1 and relative dielectric constant İ r = 1, it can be estimated that the minimum propagation distance of the electric wave of 20 Hz to the atmosphere is 300 km, and that of the electric wave of 2 Hz is around 1000 km. The running altitude of the Demeter satellite is 710 km (which changes into 665 km in mid-December 2005), and the PSD increase of a few Hz components of the ionospheric electric field are the most prominent before the Wenchuan EQ, the Sumatra EQ, and the Chile EQ. Pulinets and Boyarchuk (2004) have discussed how the anomalous electric field generated in the seismogemnic area penetrates through the ionosphere and prompts the non-uniform plasma in the ionosphere, so it can be believed that the phenomena of the PSD increase corresponding to the EQs may be caused by the propagation of lowfrequency electromagnetic wave from the ground to the ionosphere.
CONCLUSIONS
The phenomena of the PSD increase of the low-frequency components (DC to a few Hz) in the ionospheric electric field observed by Demeter satellite appeared before the Ms 8.0 Wenchuan EQ and strong aftershocks, the Ms 7.3 Yutian EQ, the Ms 8.7/8.5 Sumatra EQs, and the Ms 8.8 Chile EQ; these were mainly the imminent anomalies, more significant for the short-distance and large-magnitude EQs. Before the occurrence of the Ms 8.0 Wenchuan EQ and the Ms 7.3 Yutian EQ, the PSD increase of near-DC components in the geoelectric field appears also in several ground electromagnetic stations in the northeastern and western edges of the Qinghai-Tibet Plateau, and agrees in time with the PSD increase of the low-frequency components in the ionospheric electric field. This shows a good correspondence between the ionospheric and ground electromagnetic phenomena before the two great EQs. In particular, when approaching the date of occurrence of the Ms 7.3 Yutian EQ, the SHN station recorded the significant PSD increase in the geoelectric field during the period of the PSD increase of the Ycomponent in the ionospheric electric field.
It is rather difficult to analyze the PSD anomalies in the ionospheric electric field before EQs due to their complicated time, spatial, and intense distributions. There sometimes existed the confusing phenomena. For example, the prominent anomaly appeared before the long-distance great EQs while no anomaly before the short-distance EQs, and a smallamplitude anomaly appeared before the large-magnitude EQs or even no anomaly, while the prominent anomaly appeared before the smallmagnitude EQs. This is similar to the results observed by the ground stations. Hence, it is very difficult to discern the earthquake-related anomaly in the ionospheric electric field observed by the Demeter's revisited orbits.
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